Introduction
Prostate cancer is one of the leading causes of death in men worldwide. It is the fourth-most widespread cancer in the world and the second-most common cancer in men. 1 According to the World Health Organization, prostate cancer is estimated to cause 1.1 million new diagnosed cases and 307,000 deaths annually worldwide. 1 A continuous rise in the prostate cancer incidence rate has been recorded, with a threefold increase in Europe between 1975 and 2011. 2 Around 190,000 new cases arise each year, with 80,000 deaths occurring annually from prostate cancer. 2 Prostate cancer is usually diagnosed at the very late stages of the disease, which is one of the factors contributing to its high mortality rate, in addition to the frequent failure of localized prostate cancer therapy. 3 Unfortunately, prostate cancer patients rarely seek diagnosis during the localized stages of the disease, because most notice no symptoms other than the ones that resemble those of urinary tract infection. 4 In addition, prostate cancer treatment choices are limited, variable in efficiency, and can lead to side effects. The selection of the appropriate treatment plan (prostatectomy, hormone therapy, aspecific radiotherapy, and chemotherapy) depends mainly on the severity of the case, which determines the purpose of the treatment: either a total cure or prolongation of the patient's life. Patients diagnosed in the early stages of the disease have a higher chance of total recovery, while the main goal is to prolong the patient's life in the case of metastasis and relapse. 5 However, most of the available treatment options are associated with major side effects and have limited ability to cure patients in the late stages of prostate cancer. Therefore, in light of the high and rising incidence of the disease, the search for new therapeutic approaches, including those applicable to metastasis cases, is crucial.
Gene therapy is a new approach used to treat genetic and hereditary disorders, such as cancer, Parkinson's disease, and cystic fibrosis. The US Food and Drug
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Altwaijry et al Administration (FDA) defines gene therapy as any product that uses a transferred foreign genetic material to produce its effects by expressing and/or integrating the gene with the host-cell genome for the purpose of cell modification, both in vivo and ex vivo. The transferred gene is introduced to the host cells using a suitable vector, such as a viral or nonviral delivery system, in order to treat genetic mutation and regulate cellular processes. 6, 7 In 2003, the Chinese FDA approved the first gene therapy product to treat head-and-neck squamous-cell carcinoma. Gendicine is a nonreplicative adenovirus that carries the P53 gene. This product created much controversy, due to the lack of a Phase III clinical trial. 8 Two years later, the Chinese FDA approved another gene therapy drug, Oncorine (Shanghai Sunway Biotech, Shanghai, China), which is used with chemotherapy to treat refractory nasopharyngeal cancer using a controlled replicative adenovirus. In 2012, Glybera (UniQure, Amsterdam, the Netherlands) was the first gene therapy to receive a recommendation for approval by the European Medicines Agency. It is an adenoassociated virus that carries the lipoprotein-lipase gene to the muscles for the treatment of lipoprotein-lipase deficiency.
Although gene therapy is a promising approach for treating cancer, it is nevertheless associated with certain limitations and challenges that undermine its possible efficacy, thereby slowing the speed of its progress as a prominent therapy for prostate cancer. A major obstacle to DNA-based therapy is the lack of stability of nucleic acids. Naked nucleic acids are subjected to nuclease-mediated degradation before they reach their target site. Complexing DNA with a nonviral delivery system has the potential to increase the stability of the DNA and to facilitate the delivery of the DNA to the diseased tissues. Another major challenge in the field of prostate cancer therapy is the need for systemic delivery and targeting of metastatic prostate cancer. Currently, most in vivo gene therapy strategies use intraprostatic injection of delivery systems, as this is the most efficacious route so far to treat primary prostate cancer cells. Although local administration allows a reduction in administered dose, it does not target prostate cancer metastasis in distant organs. Systemic delivery of a targeted gene delivery system could allow the treatment to reach metastases, but an intravenously administered nanomedicine would face numerous extracellular barriers (such as interaction with plasma proteins and opsonization) before reaching its target. Many gene therapy studies are under way worldwide, especially to treat cancer, which accounts for 60% of ongoing trials. 6 
Delivery barriers
Several factors affect the delivery of gene delivery systems to cancer cells following intravenous administration. 9 These factors can be classified as extracellular and intracellular barriers ( Figure 1 ).
extracellular barriers
Extracellular barriers correspond to any factors limiting the delivery of a nanomedicine, from its administration until it reaches the cancer cells. Due to their net positive charge, gene delivery systems can undergo aspecific binding to negatively 
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Targeted nonviral gene therapy in prostate cancer charged molecules, such as serum proteins, immunoglobulin M, and complement C3, by electrostatic interactions, which can lead to macrophage uptake, dissociation of the DNA from its carrier, and then degradation of DNA by serum endonucleases. 9, 10 This issue can be overcome by conjugating the delivery systems with an anionic hydrophilic molecule, such as polyethylene glycol (PEG), to reduce their total positive charge and thus decrease aspecific interactions and improve transfection ability. 10 Another issue that can arise during gene delivery is intake of nonviral vectors by the immune cells, which identify them as foreign entities. 9 Nonviral vectors are usually less immunogenic than viral vectors. Nevertheless, a nonviral delivery system complexed with DNA can still face an immunoreaction, due to the unmethylated cytosine guanine (CpG) sites in the condensed gene. This immunoresponse can be diminished by eliminating unnecessary CpG sites from the complexed gene or reducing the administration dose. 10 
Intracellular barriers
Intracellular barriers can be categorized as any factors at the cellular level that lead to a reduction in the efficiency of the gene therapy. The first cellular obstacle that can face gene delivery systems when they reach the targeted cells is their uptake efficiency. Gene delivery systems are generally taken up by cells via receptor-mediated endocytosis, a cellular biological process whereby a specific molecule can enter the cell with the assistance of a specific receptor in the cell membrane. The endocytosis process, or endocytic pathway, can be considered a barrier to gene delivery, since its efficiency can be affected by several parameters, such as the size of the delivery system. It has been observed that delivery systems 50 nm show significant uptake by cells through endocytosis compared with delivery systems 50 nm, with optimum size being 25 nm.
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The second cellular barrier takes place during the cellular uptake of the delivery system, when the delivery systemreceptor complex is trapped inside an endosomal sack. In the endosome, the delivery system and its carried genetic material may undergo degradation by lysosomal nucleases in a low-pH environment. 9, 12 In overcoming this limitation, gene delivery systems tend to escape from the endosome through the proton-sponge effect, which is initiated by the acidic pH of the endosome. The low pH increases the ionization of the delivery system (cationic polymer or dendrimer), then the ionized polymer attracts protons to the endosome, leading to an increase in osmotic pressure, endosomal swelling, and disruption, which releases the therapeutic DNA in the cytoplasm. 10, 12 Following endosomal escape, up to 99% of the DNA may be degraded by cytoplasmic nucleases if it stays for a long time in the cytoplasm. The last obstacle to gene delivery is effective nuclear uptake of the DNA. Nuclear transport is controlled by the nuclear pore complex, which is permeable to molecules of size 70 kDa (10 nm in diameter). 10 DNA can be taken up by the nucleus by either passive or active transport. Passive transport occurs during cell division, during which the nuclear envelope lyses, allowing the genetic material to be transported to the nucleus. In active transport, nuclear localization signals bind to the nuclear pore complex to allow larger DNA molecules to pass through these pores.
12

Gene delivery systems
For gene therapy to be successful, therapeutic DNA must successfully cross the cell membrane and then integrate with the nucleus genome of the targeted cell. However, naked DNA cannot achieve this without undergoing degradation during its passage through the blood circulation and biological tissue. 13 Moreover, a charge repulsion can be created between the naked DNA and the cell membrane, due to their common negative charges, which can hinder the cellular uptake of DNA. 7 These drawbacks can be overcome by using a suitable gene delivery system. Gene delivery can be simply defined as a process to introduce a foreign gene to a host cell using a gene carrier. It involves the complexation of the gene of interest to a suitable gene delivery vector, in order to facilitate its transfection to the targeted cells. 13 The main challenge in gene delivery is to find an effective delivery system able to target the required tissue and deliver the transferred gene to the cells without secondary side effects. Gene delivery confers several advantages on the complexed DNA, such as protection from degradation in blood circulation and increased targeting specificity to the required tissue. Viral and nonviral delivery systems can be used to transfer DNA to cancer cells.
viral delivery systems
Viruses are highly efficient at transferring their own genome to the host cells. This unique ability has been used to transfer therapeutic genes to specific cells.
14 Modified (replicationdeficient) viruses are used as gene vectors to attenuate their ability to induce infection. 15 The use of viruses as gene vectors has several advantages. First, viruses have a strong ability to pursue and attach to specific cells. They also exhibit high efficiency at introducing genetic material into cells. Furthermore, viral vectors are found to integrate genes into target cells for a longer period than nonviral vectors. 16 International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com
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On the other hand, the use of viral vectors is severely hampered by disadvantages, such as immunogenicity. The immune system can identify a virus as a foreign substance and initiate an immunoresponse against it, especially if the patient has previously been exposed to that virus. This immunoreaction thus reduces the ability of the viral vector to reach the target cells and to achieve successful gene delivery. 16 In addition, viral vectors suffer from a limited ability to condense and transfer large DNA molecules. 7 Using viruses as gene delivery systems can also potentially lead to toxicity and oncogenicity. 17 Because of these limitations, this review thus focuses on the use of nonviral gene delivery systems for the treatment of prostate cancer.
Nonviral gene delivery systems
A variety of nonviral delivery systems, such as liposomes and polymers, have been tested for gene delivery to prostate cancer ( Figure 2 ). The majority of nonviral vectors can condense DNA via electrostatic interactions, 7 resulting in such advantages as protection of the DNA from degradation by the nuclease enzymes present in the circulation. 7, 9 In addition, DNA complexation reduces the charge repulsion that arises from the charge similarity between the DNA and cell membrane, which in turn facilitates the delivery of the DNA inside the cells. 10 Furthermore, nonviral vectors possess higher ability to complex large DNA molecules when compared to viral vectors, due to their well-constructed chemical structure comprising cationic functional groups. In addition, the targeting ability of nonviral vectors can be improved by using targeting ligands able to recognize specific receptors in the target tissue.
Liposomes
Liposomes were first described in 1965 as a chemical formulation comprising a phospholipid bilayer with a hydrophilic head and hydrophobic chain, forming an overall spherical shape. 18 Due to their unique chemical nature, they can be used as carriers for drugs and genes: hydrophilic compounds are encapsulated in the inner part of the liposome, while lipophilic substances can be trapped in the lipid bilayer. This gives liposomes the ability to transfer different substances through the blood circulation. 13 In 1987, Felgner et al first designed a cationic liposomal system using the double-strain monovalent quaternary ammonium N- [1-(2,3-dioleyloxy) propyl]-N,N,Ntrimethylammonium chloride (DOTMA) to carry genetic material. This forms a complex called a lipoplex, which is initiated by the electrostatic interactions between negative phosphate groups in the genetic material and positive amino groups in the liposome, thereby leading to the condensation of DNA. 19 Several factors contribute to lipoplex characterization, such as shape, size, and surface charge. These properties can be controlled by physical methods to improve transfection. The surface-charge ratio is the most important 
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Targeted nonviral gene therapy in prostate cancer parameter: cationic liposomes should have a higher net charge than DNA, so that the DNA complexation with the vector forms a total surface-charge ratio around one. This criterion creates full protection from degradation for the DNA and assists its penetration into cells, due to charge attraction between the lipoplex and cell membrane. 7, 16 Liposomes are associated with some limitations to their DNA-transfer capability, which can be overcome by various modification methods. First, liposomes tend to have a short circulation half-life in the bloodstream, due to their rapid clearance from the body. The rate of clearance is affected by the size, charge, and membrane composition of the liposome. Large liposomes tend to have a faster clearance rate, due to the high serum protein opsonization in the liposomal membrane during its circulation in bloodstream, and hence the opsonins in the liposome surface trigger its uptake via phagocytosis. 20 In order to improve circulation half-life, liposomes can be chemically modified by conjugation with a ligand. For example, the conjugation of PEG with liposomes leads to the formation of long-circulating, sterically stabilized liposomes, which have a longer half-life and thus better targeting ability than regular liposomes. Circulation time is prolonged by the inability of macrophages to remove these molecules, because they are less able to detect the modified liposomes. PEG in the liposome surface impedes the coupling of opsonins with the liposome surface, thus reducing the ability of phagocytes to recognize the liposomes. 18 With longer circulation time, the ability of liposomes to deliver the transferred DNA to the targeted tissue tends to increase severalfold, which improves the targeting of poorly accessible tissue, such as solid tumors. 18 Secondly, the targeting proficiency of liposomes is not specific enough when compared with viral vectors, which tend to have high targeting ability, but it can be improved by conjugating an antibody to the liposome in order to target specific tissue. Antibody-coupled liposomes, also called immunoliposomes, can be removed easily from the circulation if not combined with PEG to form stabilized immunoliposomes. 21 However, some disadvantages arise from the use of antibodies with liposomes, such as a possible immunoreaction, especially when using a high antibody concentration.
Finally, gene transfection efficiency varies among different types of liposomes, monovalent liposomes being the least efficacious. Neutral colipids such as dioleoylphosphatidylethanolamine (DOPE) and cholesterol can be linked to the cationic liposome to improve the liposomal transfection process through the cell membrane. Colipids promote the fusion of the endosomal membrane, facilitating endosomal escape and the release of DNA into the cytoplasm. 22 They also facilitate the release of DNA from the lipoplex. Furthermore, colipid binding is critically important in improving the gene transfection of monovalent cationic liposomes, while its main effect with multivalent liposomes is to reduce the toxicity that might arise from their high charge ratio. 7 
Cationic polymers
Cationic polymers are macromolecules that possess positive charges due to their high density in amine groups. Among the different types of cationic polymers developed in recent years are neutral polymers (eg, chitosan), polypeptides (eg, poly-l-lysine [PLL]), and dendrimers (eg, polyamidoamine [PAMAM]). Some chemical modifications can be applied to these polymers to improve their efficiency as vectors and reduce their toxicity via the use of binding ligands. Polymers can be used as gene carriers, as their positively charged groups can form electrostatically attractive forces with the negatively charged phosphates in the DNA. The complex formed, called a polyplex, protects the complexed DNA from hydrolysis in the circulation or tissue, giving it a longer half-life and improved targeting. 16 Several criteria can affect the efficiency of the polyplex. For example, a higher molecular-weight polymer provides superior condensation of the genetic material. Another important factor that can contribute to polyplex efficiency is the charge ratio, which is a parameter used to calculate the nucleotide equivalence using the ratio of nitrogen (in the polymer) to phosphate (in the DNA). The total charge should be positive in order to form a stable and effective polyplex. Although the charge ratio is important, it should be limited to a certain extent. A high total positive charge on the polyplex can have various side effects, such as increased systemic cytotoxicity of the polyplex and random interaction between the polyplex and biological membranes, thus attenuating targeting ability and causing a loss of specificity. 23 In order to overcome these problems, a polypeptide, such as PEG, can be conjugated to the polyplex to reduce the overall charge ratio without affecting its gene complexation capability. 23 Alternatively, the high-charge problem can be overcome by the use of newly designed cationic polymers with hydroxyl or amide groups, such as poly(vinyl alcohol) dimethylaminoacetal (PVA3), that have been shown to have effective gene transfer, less toxicity, and increased DNA release in the cytoplasm. This effect can be explained by a decrease in the total positive charges of the complex or the formation of hydrogen bonds between the DNA and hydroxyl groups. 13 International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com
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Altwaijry et al examples of cationic polymers used for treatment of prostate cancer PLL is a polypeptide cationic polymer that is one of the early polymeric vectors used in gene delivery. PLL contains a high density of primary amines that have a strong affinity with negative ions at neutral pH, since most of them are ionized at pH 7.4. 24 The use of PLL as a gene carrier is associated with certain limitations. For example, its gene transfection ability is weak at biological pH, due to the strong interaction between DNA and PLL, which prevents the release of DNA to the cytoplasm. Additionally, the chemistry of PLL is associated with a certain immunogenicity and toxicity, due to its amino groups. The modification of PLL with ligands can reduce its side effects and improve its ability as a gene carrier, especially in in vivo trials, since it is biodegradable. 24 Another cationic polymer that is commonly used as a vector in gene delivery is polyethylenimine (PEI). Its unique chemical structure, comprising a nitrogen atom to every three atoms, promotes its DNA-complexation ability to form a stable polyplex, as well as a strong ability to condense large molecules. 25 At pH 7.4, only 17% of the nitrogen groups in PEI are ionized. This gives PEI several advantages. It has superior DNA condensation ability with high genetransfection capability, since it can easily release DNA into the cytoplasm. Moreover, the low protonated PEI facilitates endosomal escape of the polyplex from the lysosome by means of the proton-sponge effect. 26 Another polymer, poly(β-amino ester), has also been used in prostate cancer therapy. It is a biodegradable polymer that is able to self-assemble with DNA to form positively charged gene delivery nanoparticles. The main advantage of this polymer is its ability to hydrolyze in acidic and alkaline media, which facilitates the release of DNA inside cells. Furthermore, both the polymer and its degradation products have been shown to be nontoxic. 27 
Dendrimers
Dendrimers are three-dimensional branched macromolecules with a treelike structure. Their name originates from the Greek word 'dendron', which means "tree". Since their discovery, dendrimers have been widely used in various applications in pharmacy, medicine, and engineering. [28] [29] [30] [31] Their chemical structure is composed of two parts: a reactant core molecule that is considered the origin of the dendrimer, and highly branched polymers that bind to the core in a specific way to form a uniformly branched spherical macromolecule. 31 The use of dendrimers in gene delivery is restricted to cationic dendrimers, such as PAMAM and diaminobutyric polypropylenimine (DAB) dendrimers. Cationic dendrimers complex the genetic material by electrostatic interactions between the phosphate groups on the DNA and the amino groups on the dendrimer. Among their advantages over regular polymers, dendrimers have generally enhanced gene-transfection ability, which increases with higher generations. 13 Their treelike shape also increases the surface area of the molecule and creates inner cavities, thus improving their DNA-complexation and drug-encapsulation capability. Additionally, dendrimers have been found to be nonimmunogenic molecules, which makes them suitable gene carriers for in vivo studies. 31 
Cancer targeting Passive targeting
Passive targeting is a naturally occurring process that arises from the unique pathophysiology of the tumor site. Due to the nature of the blood vessels formed and disruption of lymphnode function, macromolecules and nanoparticles tend to accumulate in tumor tissue. This is called the enhanced permeability-and-retention effect or passive targeting. 32 Its efficiency is affected by several factors, such as the vascular permeability of the tumor blood vessels and the size of macromolecules, which control their diffusion to cancer tissue. Most blood vessels in cancer tissue have a diffusion permeability of 200-2,000 nm, depending on the location and the type of the tumor. 32 
Active targeting
Active targeting is a method allowing the specific delivery of nanomedicine to an organ, tissue, or cell by chemically conjugating the delivery system with a specific ligand that has the ability to bind to a specific binding site in the targeted tissue. The ligand could be a protein, antibody, or sugar, while the targeted binding site could be a receptor, sugar, protein, or lipid that is highly expressed on the surface of the targeted cancer cells. ) in the body. 33 Several studies have used Tf and Lf as targeting ligands in prostate cancer therapy. [34] [35] [36] International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com
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Integrins
Integrins are transmembrane glycoprotein receptors that link the cytoskeletons of cells with the extracellular matrix (ECM). They act as adhesion, migration, and signaling molecules, connecting cells to the ECM by binding with such proteins as fibronectin, vitronectin, and collagen. 37, 38 These adhesive molecules assist the connection between adjacent cells and surrounding ECM by creating tunnel-like junctions maintained by integrins, which facilitate the passage of ions and small molecules between cells and form and break as needed. 39 Integrins also act as signaling molecules between cells in a given tissue, and between cells and the ECM.
Several
40,41
Among these, α ν β 3 has been found to be expressed in prostate cancer cells at an intensity that varies with the metastatic and invasion tendency of the cells. PC3 cells extensively express α ν β 3 , while LNCaP cells do not, explaining the higher invasion capability of PC3 over LNCaP cells, as α ν β 3 tends to adhere to vitronectin in the ECM. 42 In addition, α 5 β 1 has been shown to be expressed in PC3 cells, as it has a role in their adhesion and invasion behavior. 43 
Prostate-specific membrane antigen
Prostate-specific membrane antigen (PSMA), or glutamate carboxypeptidase II, is an integral transmembrane glycoprotein with a molecular size of 100 kDa. It was first identified on the prostate epithelial membrane in 1987, when a newly developed antibody (7E11) was able to recognize the N-terminal portion of the protein in prostate tissue, hence its common name. 44, 45 PSMA is expressed primarily in all forms of prostate tissue and has low expression in the nervous system, liver, kidney, and small intestine. More importantly, it has been found to be expressed in solid tumors, such as prostate, lung, breast, and colon cancer. 46, 47 Although PSMA has been detected in several tumor types, it is uniquely overexpressed in prostate cancer, which makes it a suitable biomarker to be investigated in therapeutic and diagnostic applications. It is strongly expressed in both primary and metastatic cancer cells, and its expression increases with the malignancy of the disease. 48 PSMA expression in prostate cancer cells has been found to be correlated with androgen sensitivity. Cells of the androgen-sensitive LNCaP epithelial cancer cell line express PSMA in their membranes. Conversely, PC3 and DU145 metastatic cancer cells in bone and brain, respectively, were found not to express PSMA, although its DNA and mRNA have been detected in these cells. 49 Although there is still no known natural ligand that can bind to PSMA, several researchers have succeeded in preparing synthetic binding antibodies and peptides with good ability to bind to the extracellular domain of PSMA. 45, 50 Prostate stem-cell antigen Prostate stem cell antigen (PSCA) is a prostate-specific cell-surface antigen that is overexpressed in both androgendependent and -independent prostate cancer cells, making it a suitable marker for prostate cancer. Taylor et al 51 examined the mRNA expression of different prostate cancer-targeting motifs, including PSCA, which was found to be overexpressed. Garcia-Hernandez et al 52 vaccinated mice with PSCA-based vaccine to induce long-term protection against prostate cancer. The vaccination increased the expression of some cytokines (IFNγ, TNFα, and IL2), which was an indication of the successful generation of an immunoresponse against prostate cancer in the vaccinated mice.
Others
There are several other possible ligands that can target prostate cancer. HER2 is a potential target, due to its overexpression in various tumors, including prostate cancer. 53 Mucin 1 is a membrane glycoprotein that has positive expression in prostate cancer tumors compared with healthy tissue, making it a suitable target for prostate cancer treatment. 54 
Therapeutic strategies
Cancer is considered a genetic disorder, as various genetic mutations affect several genes in cancerous cells. Those mainly affected are tumor-suppressor genes (eg, TP53 and NM23) and oncogenes (eg, RAS, c-MYC, BCL2, and c-MET ). 55, 56 Tumor-suppressor genes are responsible for the regulation of normal cell death and cellular waste-product removal. Their inactivation by either disappearance or mutation can promote cell malignancy. Oncogenes are responsible for consistent cell growth. Their activation can boost cancercell growth. 16 In prostate cancer, various genes are involved in genetic mutations. For example, the tumor-suppressor genes TP53 and retinoblastoma were found to be mutated in around 50% and 35% of advanced prostate cancer cases, respectively. The main functions of TP53 are to regulate the cell life cycle and repair any disruption in the DNA, and the result International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com
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Altwaijry et al of a mutation of this gene is uncontrolled cell growth. 55, 57 In addition, the GSTP1 gene was found to be disrupted in some prostate cancer cases. The main cellular role of GSTP1 is carcinogen detoxification, and its inactivation leads to carcinogenesis. 56, 57 Various gene therapy strategies can be involved in prostate cancer treatment, such as gene apoptosis therapy, in which the transformed gene is replaced with one that regulates cancer cell death, corrective gene therapy, which uses a tumor-suppressor gene to restore normal cell-growth regulation, immunomodulatory gene therapy, which uses genes to stimulate the immune system, and suicide-gene therapy, which relies on introducing genes that cause changes to a chemical compound or enzyme to form toxic substances. An overview of the ongoing studies based on nonviral gene delivery systems and therapeutic approaches against prostate cancer is presented in Table 1 .
Apoptosis-inducing gene therapy
Apoptosis is a normal physiological process that is programmed under certain circumstances to control cell death. 58 In normal cells, it is usually generated to eliminate cells that have sustained genetic mutation or damage. The suppression of cellular apoptosis is one of the common problems generated by genetic mutation in cancer cells, leading to cancer development. Therefore, using gene therapy to induce cellular apoptosis in cancer cells would be an effective treatment for cancer.
TNF superfamily cytokines (TNFα, TRAIL, and FasL) are the most common cytokines to cause cellular apoptosis by binding to their specific death receptors. 59 Caspase activation, which occurs externally (by binding to the death receptor) or internally (via the mitochondria and death domain), is required for stimulating cell apoptosis. 58, 60 Extrinsic apoptosis activation occurs through activation of the transmembrane death receptors (TNF receptors). The activation initiated by the specific binding of death ligands, such as the TNF-protein family or FasL to their death receptors TNFR1, TNFR2 and Fas receptor respectively, which creates a particular binding site specific to the adaptor protein. This causes the formation of a death-inducing signaling complex (DISC), triggering the activation of caspase 8, which in turn causes cell apoptosis through activating effector caspases such as caspase 3 and 6, which have the ability to recognize proteins' amino-acid sequences involved in the main cellular functions and cleave them at specific motifs to form substrate residues. 58, 60 Alternatively, the intrinsic activation pathway can arise in the cell itself, due to genetic damage, oncogene activation, or any stress condition. It initiates from mitochondria or endoplasmic reticulum. In the mitochondrion, mitochondrial membrane permeability is controlled by a protein family called Bcl2. After apoptotic stimulation, this causes the release of cytochrome C, followed by the apoptosome, leading to the release of Apaf1 and then activating the initiator caspase 9 followed by the effector caspase 3, which initiates cell apoptosis. 60 Some cytokines are well known to cause apoptosis of inflamed and mutated cells. 60 Using this mechanism to suppress cancer has been found to lead to promising outcomes. 58, 61, 62 Some common cytokines used for this purpose are TNFα, TRAIL, and FasL.
Tumor-necrosis factor-α
TNFα is an inflammatory cytokine that produces many biological activities in the immune system, at inflammation sites, and in cell death and survival. 63 To generate cell apoptosis, TNFα couples with its binding receptor (TNFR1), which is expressed in most tissue and leads to activation of the death domain in the cytoplasm (TRADD) and Fas-associated death domain (FADD). This leads to the formation of DISC, which activates procaspase 8, thereby causing DNA fragmentation and cell apoptosis. 64 High TNFα levels cause cell apoptosis and necrosis, a property that can be used to destroy cancer cells. 65 or intravenous injection 66 results in significant inhibition in tumor growth, but without tumor suppression.
TNFα cytokine therapy was also tested against prostate cancer when Chopra et al 64 investigated the effects of TNFα on normal and cancerous (LNCaP) prostate cells in vitro. The results for low doses of TNFα were promising, with significant (90%) LNCaP cell apoptosis and no effect on normal cells. In another study, Chung et al 67 treated nude mice bearing xenograft prostate tumors using a combination of radiotherapy together with TNFα carried by an adenovirus injected intravenously, resulting in regression of tumor volume compared to gene therapy or radiotherapy treatment alone. In addition, studies have discussed the impact of inhibiting NFκB to improve the sensitivity of prostate cancer cells toward TNFα apoptosis by using PMS1077 and apigenin. 68, 69 Using a nonviral delivery system, we demonstrated that intravenous administration of Tf-bearing DAB dendriplex encoding TNFα resulted in tumor eradication of 60% of PC3 and 50% of DU145 tumors. 34 This tumor-targeted TNFα gene therapy was more efficacious than TRAIL and IL12, leading to tumor regression and even some tumor disappearance. To our knowledge, it was the first time that the intravenous administration of tumor-targeted dendriplexes encoding TNFα, TRAIL, and IL12 on mice bearing prostate tumors inhibited tumor growth and even led to complete tumor suppression in some cases. In a further study, we recently replaced the tumor-targeting ligand Tf with Lf, an iron-binding member of the Tf family that has been shown to have intrinsic antitumoral activity, making it particularly attractive as part of gene medicine. Lf binds to specific receptors (LfR1, LfR2) or to Tf receptors overexpressed on most cancer cell lines. 70, 71 This novel intravenously administered Lf-bearing DAB dendriplex-encoding TNFα resulted in improved tumor eradication of 70% of PC3 cells and 50% of DU145 cells compared to a Tf-bearing dendriplex. 36 Tumor necrosis factor-related apoptosis-inducing ligand TRAIL or Apo2L is a transmembrane protein found in human tissue, such as the spleen, prostate, and ovaries. TRAIL binds to its specific receptors TRAILR1 (death receptor 4) and TRAILR2 (death receptor 5), causing activation of the death domain and cell apoptosis. 72, 73 In addition, TRAIL has also been found to bind with TRAILR3 (TRID/ DcR1) and TRAILR4 (DcR2) decoy receptors, which do not contain any cytoplasmic death domain and thus cannot induce cell apoptosis. Therefore, binding TRAIL to these receptors acts as an antagonist, because it will not activate any cell-death signaling. The existence of TRAILR3 and TRAILR4 in the cells is linked to their TRAIL-apoptosis resistance. 74 The mechanism by which TRAIL induces apoptosis occurs mainly through the extrinsic pathway when TRAIL binds to TRAILR1 or TRAILR2 receptors, which as a result stimulates a TRAIL-signaling cascade by forming a DISC. The DISC includes several proteins, such as FADD and procaspases 8 and 10. Therefore, after TRAIL binding and DISC activation, caspase 8 activation is initiated and so are caspases 3, 6, and 7. Caspase activation leads to the cleavage of target proteins responsible for preserving cellular function, resulting in cell apoptosis. 73, 74 The use of TRAIL as an agent to kill cancer cells arises from its preferential ability to induce cell apoptosis in cancer cells without harming normal healthy cells. 75, 76 Ashkenazi et al 72 examined the apoptotic effect of TRAIL in various normal and cancerous cells. It was found to have good apoptotic activity against most cancer cells in vitro (32 of 39 cell types) and was not cytotoxic to normal cells. This important characteristic led to further investigations of the antitumor activity of this cytokine. Moreover, TRAIL caused a significant reduction in tumor progression in vivo, with an increase in survival rate. Yu et al 75 also examined the effect of TRAIL cytokine in vitro in androgen-insensitive PC3 and DU145 prostate cancer cells. A TRAIL dose of 200 ng/mL resulted in 70% cell death in both cell lines. The study also investigated the mechanism behind the TRAIL effect, which was found to be the activation of caspase 8 and 3 by crosslinking and through the death receptors (DR4 and DR5).
Griffith et al 77 were the first to introduce TRAIL cDNA instead of the cytokine delivered by adenovirus (Ad5-TRAIL) to examine its possible apoptosis effect against PC3 prostate cancer cells. In vitro, treating cells with Ad5-TRAIL showed an antiproliferative effect similar to that obtained using TRAIL cytokines, whereas other nontherapeutic DNA carried by the same carrier did not show any cytotoxic effect. This study also demonstrated the successful production of TRAIL protein in PC3 cells after infecting it with Ad5-TRAIL. Later, various researchers used adenovirus and adenoassociated virus as carriers for
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To avoid the immunogenicity problem associated with viral vectors, the use of nonviral gene carriers to carry DNA encoding TRAIL for prostate cancer therapy has been reported. Chen et al 81 developed a theranostic nanoplex allowing combined TRAIL pDNA gene therapy and prodrug enzyme treatment. PEI was used as the delivery system. In addition to the TRAIL pDNA, the nanoplex carried the prodrug enzyme bacterial cytosine deaminase, which is able to convert the nontoxic prodrug 5-fluorocytosine to the cytotoxic anticancer drug 5-fluorouracil. Furthermore, a ureabased small-molecule inhibitor of PSMA, was conjugated to the nanoplex for prostate cancer targeting. The combination strategy of TRAIL gene therapy and 5-fluorocytosine/bacterial cytosine deaminase treatment demonstrated significant inhibition of the growth of PC3-PIP prostate tumors: following intravenous administration of the nanoplex, tumor volumes increased to only 300% compared to the 700% increase observed following treatment with saline solution as a control at day 10 after injection.
In another study using TRAIL gene therapy as sole therapeutic strategy, we demonstrated that treatment with intravenously injected DAB-Tf dendriplex encoding TRAIL led to tumor eradication of 10% of PC3 tumors in mice bearing subcutaneous tumors. 34 The replacement of Tf by Lf as the tumor-targeting moiety further increased the therapeutic efficacy of the system, leading to tumor eradication of 40% of PC3 tumors and 20% of DU145 tumors. The enhanced therapeutic efficacy observed with DAB-Lf dendriplex treatment extended mouse survival by up to 21 days compared to untreated animals. 36 
Fas ligand
FasL (Apo1 or CD95) is a 40 kDa membrane protein that belongs to the TNFα family. Since its discovery in 1989, the FasL cellular apoptotic effect has become the focus of many studies. FasL binds to its specific receptors in the cell membrane Fas, thereby initiating a number of events leading to cellular apoptosis. The mechanism by which FasL induces cell death is instigated by Fas binding, which causes the clustering and trimerization of Fas that trigger the activation of DISC in the cytoplasm and in turn activate FADD and procaspase 8. Caspase 8 activation triggers the release of caspases 3 and 7, which causes the cleavage of vital cellular proteins through protease activation. 82, 83 A key criterion that makes FasL a desirable apoptosis inducer is the bystander effect of its transfected gene. Therefore, successful transfection of the FASL gene to some cancer cells would be therapeutically sufficient, as it would infect adjacent cells such that cells in neighboring tissues will hold the same effect. 84 This feature can help overcome weak targeting obstacle in gene delivery. Hyer et al 85 FASL gene delivery and its apoptosis effect have been examined against different cancer types, including prostate cancer, both in vitro and in vivo. An adenovirus was the carrier of choice for most of these studies. In prostate cancer, significant tumor growth inhibition, with tumor regression in some cases, was detected after intratumoral injections. 86, 87 Xiong et al 86 treated prostate xenograft tumors with intratumoral injections of FASL carried by an adenovirus, and recorded significant tumor growth suppression, with 25% of tumors completely disappearing.
Studies have also reported the use of nonviral delivery systems for FAS gene therapy in prostate cancer. Nakanishi et al 84 used the PAMAM dendrimer to condense plasmid DNA encoding FasL. Intratumoral injection of FASL DNA (10 µg/injection) complexed with PAMAM (ratio 1:10) led to a decrease in growth rate of PC3 tumors and regression of LNCaP tumors in mice bearing subcutaneous tumors. In order to obtain a more pronounced therapeutic outcome, a PAMAM dendriplex encoding Fas was combined with the chemotherapeutic drug cisplatin. Intratumoral administration of FAS gene therapy combined with intravenously administered cisplatin limited the growth of PC3 tumors, thus extending the survival of tumor-bearing mice. The therapeutic effect resulting from the combination therapy was enhanced compared to gene therapy or chemotherapy alone.
Corrective gene therapy
In corrective gene therapy, a defective or absent gene is replaced by a therapeutic one. The most common tumorsuppressor gene found mutated or absent in prostate cancer is TP53, which has been selected as a target in this treatment approach with nonviral delivery systems. 88 TP53 is a 
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Targeted nonviral gene therapy in prostate cancer tumor-suppressor gene that plays an important role in genome stability through different cellular mechanisms. It has been found to be mutated in around 50%-75% of prostate cancer cases, 89 resulting in an increase in cancer cell resistance to chemotherapy and radiotherapy.
Nonviral gene carriers, such as polymers and liposomes, have been used to deliver p53 to prostate cancer cells. Sharma et al 90 developed biodegradable nanoparticles based on poly(lactic-co-glycolic acid) polymer for sustained delivery of the TP53 gene and examined their therapeutic efficacy against PC3 xenograft tumors following intratumoral and systemic administration. Intratumoral injections of this formulation resulted in significant tumor regression after only one dose, whereas intravenous injection showed a decrease in tumor growth, but without regression. In another study, Seki et al 91 used Tf-bearing cationic liposomes to target prostate cancer. This intravenously injected formulation led to significant tumor-growth suppression compared to controls.
Immunomodulatory gene therapy
Cancer cells are well known to have a weak ability to elicit an immunoresponse, which reduces the immune system's ability to identify and destroy cancer cells. The poor immunogenicity of cancer cells arises from the weak expression of major histocompatibility complex antigens in their cell membranes. These antigens are responsible for T-cell activation, which is the initial step in generating an immunoreaction. Furthermore, in several tumor types, cancer cells release certain immunosuppressive molecules, such as IL10 and TGFβ, which reduce the possibility of generating an immunoresponse against these. 88, 92, 93 Several methods are used to produce an immunoresponse against cancer cells. For example, clinical trials have used the systemic administration of such cytokines as IFNs and interleukins (ILs) to improve immunity to cancer cells, resulting in tumor regression, but with some drawbacks that reduced their chances of success. Cytokines are proteins that undergo rapid degradation in the circulation after systemic administration, which reduces their ability to stimulate an immunoresponse against tumor cells. In order to counter this systemic degradation, they must be administered in high doses to ensure that sufficient cytokines will survive to reach the tumor site. However, this method is not practicable, since cytokines have been found to be cytotoxic in high doses. 92 In order to overcome the limitations of systemic administration of cytokines, local or targeted administration has been tried, with improved results. 95 However, cytokine/ protein injections have to be given repeatedly to maintain their effect in increasing immunity. One way to eliminate the need for repeated injections is to use immunomodulation gene therapy, where instead of the proteins, genes encoding for cytokines are injected into the patient to promote the continuous release of cytokines from the cells.
Two approaches are commonly used for delivery of immunomodulatory genes. First, a vector (usually viral) is used to deliver a suitable gene to the cancer site, where it promotes the continuous release of the cytokine encoded by the gene. It thus activates T cells against the tumor antigens, resulting in the development of an immunoreaction against these tumor cells and their elimination by the immune system. The second approach, called cancer vaccine, involves introducing the gene encoding the cytokines of interest to extracted cancer cells (ex vivo), then reinjecting them into the patient, where they elicit an immunoreaction against the cancer cells due to the effect of the antigens expressed by the injected cells. [90] [91] [92] Many studies have used genes encoding specific prostate antigens to induce an immunoresponse directed against prostate cancer cells only. Xiao et al 94 used lentivirus to deliver PSCA to prostate cancer. They reported a significant increase in CD8
+ and CD4 + T cells after injecting the drug into mice. This procedure also showed a possible prophylactic effect against tumor growth, as well as a preventive effect against metastasis. Similarly, Maurer et al 95 investigated the immunostimulatory effect of adding the cytosine-phosphorothioateguanine gene to bone-marrow dendritic cells. This produced a significant release of IL6 and IL12, making it a potential adjuvant for ex vivo vaccination.
Other researchers have upregulated immunoresponse by engineering ex vivo prostate cancer cells to hold cytokines and/or cytokine-receptor genes so that they respond better to cancer cells and provide immunity against cancer. Morris et al 96 reconstructed murine prostate cancer cells (TRAMP-C2) to express IL15 and its specific receptor IL15Rα, then used them to vaccinate mice. Their results showed significant expression of CD8 + T cells and natural killer cells. Hull et al 97 prepared a vaccine to be used in situ in mice with the RM9 model of prostate cancer. The vaccine contained a combination of two genes encoding IL12 and B71 carried by an adenovirus. In vivo results after in situ injections showed significant suppression of tumor growth.
In 2010, the first ex vivo cancer vaccine, Provenge (Dendreon Corporation, Seal Beach, CA) (sipuleucel-T) was approved by the US FDA to treat prostate cancer. It targets the prostatic acid phosphatase antigen, which is released by prostate cancer cells. When the vaccine was used in clinical 
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Altwaijry et al trials to treat patients at the metastatic stage of the disease, a significant increase was found in survival time between control and treated groups by up to 4.5 months. 98 Nonviral gene delivery systems have also been used to upregulate immunoresponse. We demonstrated that treatment with a DAB-Lf dendriplex encoding IL12 resulted in tumor disappearance of 20% of both PC3 and DU145 prostate tumors and tumor regression of 10% on both tumor types. 36 In our experiments, we had to use immunodeficient BALB/c mice able to produce B cells, but not T cells, in order for them to grow subcutaneous tumors of human origin. We thus hypothesize that the therapeutic effect could be further enhanced by using a fully immunocompetent mouse bearing a murine prostate-tumor model. Other studies have also demonstrated the ability of IL12-encoding DNA to induce a therapeutic effect on prostate tumors, but using different modalities of treatment: intratumoral injection, use of a virus as a delivery system or cotreatment with mifepristone, 99 radiotherapy, 100 oncolytic herpes simplex viruses, 101 adenoviral vector-mediated herpes simplex virus-thymidine kinase and ganciclovir (Gcv). 102 These studies mainly showed a slowdown in prostate tumor growth, rather than the tumor regression observed in some instances in our experiments.
Suicide gene therapy
One of the most important approaches in gene therapy is suicide gene therapy, the purpose of which is to destroy cancer cells selectively without harming normal ones. It is based on the principle of delivering a specific gene that encodes an enzyme able to convert prodrugs in cancer cells into cytotoxins that destroy the host cells. 103, 104 Two main genes encoding enzymes have been examined extensively in prostate cancer suicide therapy: Escherichia coli cytosine deaminase (CD), which has the ability to convert the prodrug 5-fluorocytosine (5FC) to 5-fluorouracil (5FU) and the herpes simplex virusthymidine kinase gene (HSV TK), which converts the prodrug Gcv to Gcv mono-or triphosphate. 102, 105 The main advantage of this therapeutic approach is the bystander effect, which can be defined as the ability of the activated prodrug to induce a cytotoxic effect in the targeted cells, as well as other surrounding cancer cells, thus creating a killing zone around the cells transfected with the suicide gene. 106 This effect may be due to passive transport, gap junctions, and stimulation in the microenvironment of the tumor site. 105 The HSV TK-GCV suicide gene therapy system has been found to have this bystander effect, which is probably due to the intracellular diffusion of the activated prodrug Gcv triphosphate through the gap junctions between adjacent cells. However, the bystander effect of the HSV TK-GCV system is considerably weaker than that of CD5-FU. 105, 106 The CD-5FU suicide-gene therapy system has been found to have a significant bystander effect. It diffuses readily through the tumor site without the need of cell-cell adhesion, which has been attributed to the ability of this system to stimulate the immune system against cancer cells by activating the natural killer cells CD8 and CD4, making it more efficacious to treat metastasized tumors. 104, 105 The combination of the two suicide-therapy systems has been found to improve therapeutic results on prostate cancer. Yoshimura et al 107 measured the therapeutic effects of HSV TK-Gcv and CD-5FC alone and in combination using a cationic lipid as vector in the LNCaP prostate cancer cell line. Each system alone gave around a 60% decrease in cell viability, while in combination they killed 77% of LNCaP cells. Similarly, HSV TK and CD genes were constructed together in pIRES plasmid, the Cytomegalovirus promoter of which was replaced by PSMA to achieve more specific targeting to prostate cancer cells. In vitro results in LNCaP and PC3 cell lines showed 70% and 60% growth inhibition, respectively. These results were improved compared to those observed with either therapy alone.
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Conclusion
Prostate cancer remains one of the most significant therapeutic challenges to address in the coming years. Although several standard therapies, such as prostatectomy, hormone therapy, chemotherapy, and radiotherapy, are currently available in the clinic, there is currently no effective treatment for advanced prostate cancer. In order to overcome this issue, novel genebased therapeutic approaches are rapidly evolving and represent promising strategies for the treatment of this cancer. The use of highly efficient, safe, tumor-targeted delivery systems able to carry therapeutic pDNA exploiting various therapeutic strategies has been proven to be a novel and effective approach to treat prostate cancer. These nanomedicines may thus represent a new promising avenue for the treatment of prostate cancer and should be further investigated.
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